Molecular dynamics simulations are carried out to study the structure formation of 100 short chain molecules, each of which consists of 20 CH 2 groups. Our simulations show that the orientationally ordered structure is formed from a random configuration by quenching. The global orientational order starts to increase suddenly after a certain duration and grow in a stepwise fashion afterwards. This behavior is also found in the growth process of the local orientationally-ordered domains. It is found from the microscopic analysis of the structure formation process, that parallel ordering of chain molecules starts to occur after the chain molecules stretch to some extent. From the analysis of the obtained orientationally ordered structure and the molecular mobility, we also find the following characteristic features: ͑i͒ The chain molecules are packed hexagonally at 400 K and the transition from the hexagonal phase toward the orthorhombic phase takes place as the temperature decreases. ͑ii͒ The gauche bonds in the same chain molecule tend to form gauche pairs. The gauche pairs with the same sign form the double gauche defects and those with the opposite sign form the kink defects. ͑iii͒ In the hexagonal phase, the chain molecules become longitudinally mobile. This result, which is obtained by the microscopic analysis of the chain motion, is the microscopic evidence to confirm the existence of the chain sliding diffusion in the hexagonal phase which underlies the sliding diffusion theory of polymer crystallization proposed by Hikosaka ͓Polymer 28, 1257 ͑1987͒; 31, 458 ͑1990͔͒.
I. INTRODUCTION
Structure formation of chain molecules, such as n-alkanes and polyethylene chains, is a very interesting research topic in physics, chemistry, and biology and has attracted the attention of many researchers. Since chain molecules have many internal degrees of freedom, structure formation proceeds in a complex fashion. Intensive experimental studies have been made on various structure formation processes of chain molecules, such as crystallization of polymers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and surface freezing of oligomers. [12] [13] [14] [15] [16] The primary nucleation in the early stages of crystallization of polyethylene [3] [4] [5] and poly͑ethylene terephthalate͒ [6] [7] [8] [9] [10] [11] has been investigated by various time-resolved measurements. Wu et al. discovered the surface freezing phenomenon in n-alkanes [12] [13] [14] [15] and n-alcohols 16 by x-ray scattering and surface tension measurements. Surface freezing is an interesting phenomenon that an ordered monolayer is formed on the free surface of a liquid above its bulk freezing point.
Although considerable experimental investigations have thus been made, it seems difficult to observe the detailed mechanisms of the structure formation of polymer chains at the molecular level by the present experimental techniques only. Computer simulation is one of the strongest tools for investigating the molecular process of the structure formation. Over the last decade, several computer simulation studies have been done on primary nucleation of a single polymer chain, [17] [18] [19] structure formation of short chain molecules, [20] [21] [22] [23] surface ordering in liquid n-alkanes, 24 and secondary nucleation on a growth surface of a polymer crystal. 25, 26 It is well known that surface structures of chain molecules play crucial roles in determining physical properties, such as adhesion and wetting. Therefore molecular simulation studies of chain-molecule systems with free surfaces are very important from the viewpoints both of chemical physics and of engineering. Although several simulation studies of systems with free surfaces have been made on the structure formation, little is known about the detailed molecular motion during the structure formation.
In our previous papers, we have performed the molecular dynamics ͑MD͒ simulations of short chain-molecule systems with free surfaces. 21, 22 It was found from our simulations that the orientationally ordered structure is formed at low temperature by a sudden cooling from a random configuration at high temperature and that the formation of the orientational order proceeds in a stepwise fashion. The purpose of this paper is to clarify the dynamical processes of the structure formation of short chain molecules microscopically and analyze the molecular mobility and the conformational defects in the obtained orientationally-ordered structure. With a view to investigating the structure formation processes microscopically, we carry out the MD simulation of 100 short chain molecules and analyze the growth process of the orientational order. This paper is organized as follows. In Sec. II we give a detailed description of our simulation model and method. Our simulation results are presented in Sec. III. Summary and discussion are given in Sec. IV.
II. MODEL AND METHOD
The present computational model is the same as that used in the previous works on the structure formation of short chain molecules. 21, 22 The model chain molecule consists of a sequence of CH 2 groups, which are treated as united atoms. The mass of each CH 2 group is 14 g/mol. The united atoms interact via the bonded potentials ͑bond-stretching, bond-bending, and torsional potentials͒ and the van der Waals nonbonded potential ͑12-6 Lennard-Jones potential͒. The atomic force field used here is the DREIDING potential:
27 ͑i͒ the bond-stretching potential,
where d 0 is the equilibrium bond length and d is the actual bond length, ͑ii͒ the bond-bending potential,
where 0 is the equilibrium bond angle and is the bond angle between three adjacent atoms, ͑iii͒ the torsional potential,
where is the dihedral angle formed by four consecutive atoms, and ͑iv͒ the 12-6 Lennard-Jones potential between atoms separated by more than two bonds along the same chain and between atoms in different chains,
where r is the distance between atoms. The values of all the potential parameters are listed in Table I . We use the generic force field, DREIDING, because we intend to systematically investigate the structure formation process of long polymer chains as well as short chain molecules although the accuracy for specific molecules becomes low. The equations of motion are solved numerically using the velocity version of the Verlet algorithm 28 and apply the Nosé -Hoover method in order to keep the temperature of the system constant. [29] [30] [31] The integration time step and the relaxation constant for the heat bath variable are 1.0 fs and 0.1 ps, respectively. The cutoff distance for the 12-6 Lennard-Jones potential is 10.5 Å. One hundred chain molecules, each of which consists of 20 CH 2 groups, are placed in a vacuum and other molecules such as solvent molecules are not considered. The total momentum and the total angular momentum are taken to be zero in order to cancel overall translation and rotation of chain molecules. The MD simulations are carried out by the following procedure. At first, we provide a random configuration of 100 short chain molecules at high temperature (T ϭ700 K͒. After a simulation of 100 ps (10 5 time steps͒ is carried out in order to equilibrate the system at Tϭ700 K, it is then quenched to Tϭ400 K and subsequently it is cooled stepwise to Tϭ100 K by 100 degrees. A simulation of 2 ns (2ϫ10 6 time steps͒ is performed at each temperature. In the following section, we describe our simulation results in detail. To begin with, we investigate the formation process of the global orientational order ͑Sec. III A͒. Then the microscopic analysis of the structure formation processes is made ͑Sec. III B͒. Finally we study the molecular mobility and the conformational defects in the obtained orientationally-ordered structure ͑Sec. III C͒.
III. RESULTS
A. Formation process of global orientational order
Chain configuration
Snapshots of the chain configuration are shown in Fig. 1 at various times (tϭ1, 200, and 2000 ps͒ for Tϭ400 K. The a, b, and c axes, respectively correspond to the crystallographic a, b, and c axes in the orthorhombic system and are determined by the inner 37 chains ͑Fig. 2͒ after the orientationally-ordered structure is formed. 21 Figure 1 indicates the following features: ͑i͒ In the early time (tϭ1 ps͒, the chain molecules take a random configuration. ͑ii͒ As time elapses, growth of the local orientationally-ordered domains is observed in several positions (tϭ200 ps͒. ͑iii͒ At last, several domains coalesce into a large domain and a highly ordered structure is formed (tϭ2000 ps͒. In the ordered structure, almost all the bonds are in the trans state.
We show, in Fig. 2 , the center-of-mass positions of individual chain molecules averaged between 1500 and 2000 ps for Tϭ400 K. The calculated lattice constants a and b are respectively aϭ0.750 nm and bϭ0.433 nm. Therefore the ratio a/b is calculated as a/bϭ1.733Ϸͱ3, which indicates that chain molecules are packed hexagonally at Tϭ400 K.
Global orientational order parameter
In order to investigate the growth process of the global orientational order, we calculate the global orientational order parameter P 2 , which is defined by 
where is the angle between two sub-bond vectors and ͗•••͘ bond denotes the average over all pairs of sub-bonds. The sub-bond vector is the vector formed by connecting centers of two adjacent bonds along the same chain. The parameter P 2 takes a value of 1.0 when all sub-bonds are parallel and that of 0.0 when sub-bonds are randomly oriented. We show the time dependence of the global orientational order parameter P 2 in Fig. 3 . Up to tϷ150 ps, the parameter P 2 takes a value near zero, which means that there is no global orientational order in this time region. After tϭ150 ps, P 2 increases sharply, which indicates that the global orientational order starts to grow suddenly after a certain duration. This fact is also found in the MD simulation of a bulk short chainmolecule system.
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B. Microscopic analysis of the structure formation process
Conformational change
In order to investigate the structure formation process at the molecular level, we first examine how the conformational change takes place. In Fig. 4 , we show the time dependence of the fraction of the trans states (͉͉Ͻ/3), P trans , at T ϭ400 K. This figure tells us that P trans increases logarithmically up to tϷ350 ps and is almost constant afterwards. It is found that the fraction of the trans states increases even in the duration when the global orientational order does not exist ͑see Fig. 3͒ .
We then calculate the distribution of the size of the trans segments, i.e., the number of consecutive trans bonds, n tr , in order to investigate the stretching of chain molecules. The distribution of the size of the trans segments P(n tr ) is normalized as
where n is the number of united atoms per chain molecule (nϭ20 in this work͒. The distribution P(n tr ) is shown in Fig. 5 at various times for Tϭ400 K. At tϭ0 ps, P(n tr ) decreases with the increase of the size n tr and almost all the trans segments are small: P(n tr Ͼ10)Ϸ0. With the elapse of time, the fraction of the trans segments with large n tr increases while that with small n tr decreases (tϭ10, 20, and 100 ps͒. At tϭ200 ps, the fraction of the trans segments with n tr р16 becomes small and P(n tr ϭ17), which means alltrans conformation, reaches about 0.4. At tϭ2000 ps, the distribution P(n tr ϭ17) exceeds 0.7, which indicates that most chain molecules are in the all-trans conformation. We show, in Fig. 6 , the average size of the trans segments, n tr , which is defined by
and satisfies 1рn tr рnϪ3(ϭ17), as a function of time at Tϭ400 K. The average size n tr starts to increase sharply at tϷ70 ps and becomes almost constant after tϷ350 ps. By making a comparison between the time evolution of P trans ͑Fig. 4͒ and that of n tr ͑Fig. 6͒, it is clearly found that at first the transition from the gauche state to the trans state takes place and after that the stretching of chain molecules starts to proceed. Judging from the fact that the chain molecules stretch in the duration when no global orientational order exists, it is concluded that growth of the intrachain orientational order, i.e., the stretching of chain molecules, starts to proceed prior to that of the interchain orientational order, i.e., parallel ordering. This is ascertained again in the later subsection ͑Sec. III B 3͒. Therefore we may say that parallel alignment of chain molecules is triggered off by the stretching of them. This finding is also observed in experiments of long chain molecules such as polyethylene [3] [4] [5] and poly͑eth-ylene terephthalate͒. 6-9
Spatial distribution of gauche bonds
In this subsection, we nstudy the spatial distribution of gauche bonds (͉͉Ͼ/3). Before discussing the spatial distribution of gauche bonds, we calculate the number of isolated gauche bonds. The isolated gauche bond can be defined as the only gauche bond that a chain molecule possesses. The average number of gauche bonds n G , isolated gauche bonds n IG , and their ratio n IG /n G for several time intervals are shown in Table II at Tϭ400 K. In the initial time region (tϭ0ϳ500 ps͒, about one-third of the gauche bonds are the isolated ones. As time elapses, the ratio n IG /n G increases whereas the total number of gauche bonds n G reduces. In the time region of tϭ1500ϳ2000 ps, the ratio of the isolated gauche bonds to the total gauche bonds reaches two-thirds, which indicates that most of the gauche bonds are isolated.
In order to investigate the intrachain spatial correlation of gauche bonds, we calculate the pair distribution function observed between p ϩ (m) and p Ϫ (m), and both of them decrease monotonically with the increase of the bond separation m ͓Fig. 7͑a͔͒. There is no appreciable difference between p ϩ (m) and p Ϫ (m) also in the time region of tϭ200 ϳ250 ps, but the contributions from mϭ1 and mϭ2 become prominent ͓Fig. 7͑b͔͒. In the next time region (t ϭ250ϳ300 ps͒, notable difference between p ϩ (m) and p Ϫ (m) can be seen for mϭ1 and mϭ2 ͓Fig. 7͑c͔͒. For m ϭ1, the contribution from the gauche pairs with the same sign becomes marked. On the other hand, that from the gauche bonds with the opposite sign is dominant for mϭ2.
In the time region of tϭ1950ϳ2000 ps, the contributions from mϭ1 and mϭ2 become more and more conspicuous and those from mу3, p Ϯ (mу3), are all small ͓Fig. 7͑d͔͒. This fact indicates that the gauche bonds tend to form small clusters. The fact that the contribution from the gauche bonds with the same sign is remarkable for mϭ1 is in a striking contrast to the MD simulation results of a polymethylene chain confined in cylindrical potentials by Yamamoto et al., where the contribution from mϭ1 is very small for the gauche bonds both with the same sign and with the opposite sign. 32 They treated the system without free surfaces in their simulation. In our simulation, on the other hand, the system with free surfaces are dealt with. As we shall see later ͑Sec. III C 3͒, the contribution from the gauche bonds with the same sign for mϭ1 mainly stems from the bonds on the free surface, that is, the end bonds in the outermost shell.
Parallel ordering
We investigate, in this subsection, the parallel ordering process. We first introduce the concept of a ''domain'' as a bunch of local orientationally-ordered chain molecules which is formed through parallel ordering. [20] [21] [22] A domain is defined in the following way. Two chain molecules belong to the same domain if the following two conditions are satisfied: ͑i͒ ͉r c i Ϫr c j ͉Ͻr 0 , and ͑ii͒ ␣ i j Ͻ␣ 0 , where r c i is the position vector of the center-of-mass of the ith chain molecule and ␣ i j , which satisfies 0р␣ i j р/2, is the angle between the principal axis with the smallest moment of inertia of the ith chain and that of the jth chain. In our calculations, we set r 0 ϭ1.5 and ␣ 0 ϭ10°. We show, in Fig. 8 , the time evolution of the largest domain size s at Tϭ400 K. Up to t Ϸ120 ps, only small domains whose sizes are smaller than 10 can be observed. The largest domain size s starts to increase sharply at tϷ120 ps and grows in a stepwise fashion afterwards. A comparison made between the time evolution of n tr ͑Fig. 6͒ and that of s ͑Fig. 8͒ shows that parallel ordering of chain molecules starts to occur after the stretching of chain molecules proceeds to some extent.
C. Molecular mobility and conformational defects in the orientationally ordered structure 1. Orientationally ordered structure
Here, we study the orientationally ordered structure at various temperatures. With a view to investigating the manner of lateral packing, we first calculate the two-dimensional ͑2D͒ radial distribution function for the center-of-mass positions of chain molecules in the a-b plane. The 2D radial distribution function g 2D (r) averaged between 1500 and 2000 ps is shown in Fig. 9 at various temperatures. At T у200 K, no remarkable difference can be found among the profiles of g 2D (r). At Tϭ100 K, the first peak splits into two peaks and an additional peak appears between the second and the third peaks. The reason for this is that the equivalence between the direction of the a axis and that of the b axis breaks down as a result of the transition from the hexagonal phase toward the orthorhombic phase. We then calculate the lattice constants at various temperatures from the simulation data of the center-of-mass positions of chain molecules between 1500 and 2000 ps. In Fig. 10 , the lattice constants a, b, and their ratio a/b are plotted as a function of temperature. Figures 10͑a͒ and 10͑b͒ indicates that the parameter a decreases with the decrease of temperature while the parameter b stays almost constant compared with the variation of a in this temperature region. From Fig. 10͑c͒, it   FIG. 8 . The largest domain size s vs time t at Tϭ400 K.
FIG. 9.
The 2D radial distribution function g 2D (r) averaged between 1500 and 2000 ps at various temperatures: ͑a͒ Tϭ100 K, ͑b͒ Tϭ200 K, ͑c͒ T ϭ300 K, and ͑d͒ Tϭ400 K.
is found that chain molecules are packed hexagonally at T ϭ400 K as mentioned above ͑see Fig. 2͒ . The ratio a/b decreases as the temperature decreases, which indicates that the change from the hexagonal phase toward the orthorhombic phase takes place as the temperature decreases.
Translational motion
In this subsection, we investigate the translational motion of chain molecules at various temperatures. In order to measure the extent of the translational motion, we define the average fluctuations along individual axes in each shell l as In Fig. 11 , we show the average fluctuations ⌬a, ⌬b, and ⌬c as a function of the shell number l at various temperatures. This figure tells us that the longitudinal chain motion increases dramatically as the temperature increases ͓Fig. 11͑c͔͒ while the transverse chain motion is not so sensitive to the temperature variation ͓Figs. 11͑a͒ and 11͑b͔͒. At Tϭ400 K, the average longitudinal fluctuation ⌬c reaches about seven times the value of the average transverse fluctuation ⌬a or ⌬b. A dramatic increase in the longitudinal chain motion is also observed in the pseudohexagonal (R I ) rotator phase of the n-alkane tricosane by Ryckaert et al. 33, 34 It is also found that both the transverse fluctuation and the longitudinal fluctuation increase remarkably in the outer three shells (lϭ4ϳ6) while they stay almost constant in the inner shells (lϭ0ϳ3). This result indicates that the chain molecules have much mobility in a few shells on the free surface. At Tр300 K, the average longitudinal fluctuation ⌬c in the inner shells is smaller than c/2(ϭd 0 cos( 0 /2)Ϸ0.125 nm͒, where c is the equilibrium lattice constant along the c axis. On the other hand, the fluctuation ⌬c becomes larger than c/2 even in the inner shells at Tϭ400 K. It is quite understandable that the chain molecules can easily move in the longitudinal direction when the average longitudinal fluctuation ⌬c exceeds c/2. Considering that the chain molecules are packed hexagonally, we come to the conclusion that the chain molecules become longitudinally mobile in the case of hexagonal packing.
Conformational defects
As mentioned in Sec. III B 2 above, the contributions from the gauche pairs with the same sign for mϭ1, p ϩ (1), and from those with the opposite sign for mϭ2, p Ϫ (2), are both remarkable. We here investigate what types of conformational defects contribute significantly to p ϩ (1) and p Ϫ (2). Before calculating the fraction of several types of conformational defects which contribute to p ϩ (1) and p Ϫ (2), we prescribe the types of conformational defects. We define the following four types of conformational defects: double gauche, triple gauche, kink, and coupled kink. Details of these conformational defects are explained in Table  III . The symbols DG1 and DG2, respectively denote double gauche defects composed of the gauche pairs with the same sign and with the opposite sign. Triple gauche defects are classified into three groups: TG1, TG2, and TG3. Among these conformational defects, DG1, TG1, and TG2 contribute to p ϩ (1) and TG2, K, and CK to p Ϫ (2). We show, in Fig. 12 , the average fraction of the conformational defects between 1500 and 2000 ps which contribute to p ϩ (1) and p Ϫ (2) at Tϭ400 K. This figure tells us that the gauche pairs with the same sign tend to form the double gauche defects ͑DG1͒ and those with the opposite sign tend to form the kink defects ͑K͒. The latter result is also observed in the abovementioned MD simulation by Yamamoto et al. 32 We then study the spatial distribution of the double gauche defects ͑DG1͒ and the kink defects ͑K͒. The spatial distribution function P(n D ,l) is normalized as
where n D denotes the defect number along the chain molecule, l max represents the maximum shell number (l max ϭ6 in our case͒, and n D max is the maximum defect number (n D max ϭ16 for DG1, and n D max ϭ15 for K͒. Note that the conformational defects with n D ϭ1 and n D ϭn D max correspond to the end defects. The spatial distribution function P(n D ,l) averaged between 1500 and 2000 ps is shown in Fig. 13 as a function of n D and l for DG1, and K at Tϭ400 K. It is found from Fig. 13͑a͒ that the double gauche defects ͑DG1͒ are predominantly located at the chain ends in the outermost shell. This can be understood in the following way. When the double gauche defects ͑DG1͒ are located in the chain interiors, chain molecules are prevented from packing laterally because of large deformation of chain molecules. Thus the energy loss due to the double gauche defects ͑DG1͒ located in the chain interiors becomes large. When the defects are located in the outermost shell, the energy loss due to the appearance of the defects ͑DG1͒ is considered to be small since the outermost shell is a free surface where the constraint by surrounding chain molecules is weak. Therefore the double gauche defects ͑DG1͒ tend to locate at the chain ends in the outermost shell. Figure 13͑b͒ tells us that most of the kink defects are located in the outermost shell. In contrast to the double gauche defects ͑DG1͒, the kink defects does not give rise to serious deformation of chain molecules even in the chain interiors. Therefore the energy loss is small even though the kink defects are located in the chain interiors.
IV. SUMMARY AND DISCUSSION
In this paper, we have carried out MD simulations of short chain-molecule systems with free surfaces. By analyzing the microscopic processes of the structure formation and investigating the molecular mobility and the conformational defects in the obtained orientationally-ordered structure, the following results have been obtained: FIG. 12 . The fraction of the conformational defects averaged between 1500 and 2000 ps which contribute ͑a͒ to p ϩ (1) and ͑b͒ to p Ϫ (2) at Tϭ400 K. Symbols such as DG1 and TG1 are explained in Table III . 
͑i͒ The orientationally ordered structure is formed at low temperature from a random configuration at high temperature by quenching.
͑ii͒ The global orientational order sharply starts to grow after a certain initial duration.
͑iii͒ The fraction of the trans states increases even in the initial duration when no global orientational order exists.
͑iv͒ The stretching of chain molecules starts to proceed before the parallel ordering starts to occur.
͑v͒ Both the largest domain size and the global orientational order grow in a stepwise fashion.
͑vi͒ The chain molecules are packed hexagonally at T ϭ400 K. The transition from the hexagonal phase toward the orthorhombic phase takes place as the temperature decreases.
͑vii͒ The longitudinal chain motion increases dramatically as the temperature increases. The chain molecules in a few shells on the free surface have much mobility. In the hexagonal phase, the average longitudinal fluctuation ⌬c becomes larger than c/2 even in the inner shells, which means that the chain molecules become longitudinally mobile in the case of hexagonal packing.
͑viii͒ The gauche bonds in the same chain molecule tend to form gauche pairs. The gauche pairs with the same sign form the double gauche defects and those with the opposite sign form the kink defects. The double gauche defects with the same sign are predominantly located at the chain ends in the outermost shell and most of the kink defects are located in the outermost shell.
Our conclusion that the chain molecules become longitudinally mobile in the hexagonal phase is drawn by the microscopic analysis of the chain motion. Therefore this conclusion is the microscopic evidence to confirm the existence of the chain sliding diffusion in the hexagonal phase which underlies the sliding diffusion theory of polymer crystallization proposed by Hikosaka. 35, 36 The chain sliding diffusion is the sliding motion along the chain axes of chain molecules within crystals or nuclei, or crystal/melt interfaces. Since the chain sliding diffusion occurs readily in the hexagonal phase, extended chain crystals are formed through the lamellar thickening growth. On the other hand, folded chain crystals are formed in the orthorhombic phase because the chain sliding diffusion is hindered and accordingly the lamellar thickening growth is suppressed.
In our simulation, the orientationally-ordered structure is formed at the temperature above the bulk freezing point of n-C 20 H 42 (T f Ϸ38°C͒. This observation is similar to the surface freezing phenomenon which is observed on the free surface of liquid n-alkanes a few degrees above their freezing temperatures. There are several reasons why the ordered structure is formed far above the freezing temperature in our simulation. One is that the obtained structure is a monolayer structure. Another reason is that the torsional energy difference between the trans and the gauche states in the DREIDING potential is larger than that in the real n-alkanes.
It may be worth mentioning here as to whether the ordered system is a crystal or a liquid crystal. At TϽ400 K, the ordered system can be a crystal since the molecular mobility is small. At Tϭ400 K, however, it may be a nematic liquid crystal since the longitudinal mobility becomes relatively large and the layer structure breaks down.
Molecular dynamics simulations of long chain molecules are under way in order to investigate the effect of the entanglement on the structure formation.
